We present, in this paper, general formulae developed so as to permit the calculation of the recurrence risks for isolated cases of nonsyndromic deafness in the offspring of nonconsanguineous and consanguineous couples. We included, in all analyzed situations, the following factors: (a) a generic degree of parental consanguinity; (b) a variable proportion of environmental (non-genetic) cases of the defect, so that the formulae can be easily applied to populations with any epidemiological profile; (c) a variable number of normal sibs of the propositus. Besides presenting the logic and the detailed derivation of all original formulae, we present tables for immediate use, with the numerical values of the recurrence risks as a function of the variables mentioned above.
Introduction
Hearing loss is perhaps the sensorial defect more frequently found in humans, thus constituting a major public health problem, as it affects more than 1/1000 of the world population. Its importance among the congenital or acquired deficiencies is considerable, due to the consequences it brings about, not only to the affected infants, but also to the society as a whole.
Both incidence and prevalence of deafness vary in different regions, being closely and inversely related to their levels of medical, sanitary and economic development. In industrialized countries, approximately one in a thousand infants is born or becomes deaf before the acquisition of language (prelingual deafness), 50 to 60% of those cases being attributed to genetic causes (Marazita et al., 1993; Braga et al., 1999; Sundstrom et al., 1999; Kimberling, 2000) . In developing countries, these figures are three to four times bigger than those detected in First-World countries, due to the higher prevalence of environmental factors causing deafness. In Brazil, for instance, the frequency of nonsyndromic congenital deafness ranges at four in 1000 births, 16% of which are of genetic etiology (Braga et al., 1999) .
Nonsyndromic deafness is an astonishingly heterogeneous condition: it can be produced by genes belonging to different loci (gene heterogeneity), by different alleles at the same locus (allelic heterogeneity), transmitted by different patterns of inheritance, or caused by environmental factors (phenocopies).
Even in a country with a medical, sanitary and economic development profile like Brazil, where the environmental cases of the defect predominates (84%), the frequency of genetic cases (16%) is still significant (Braga, 1999) ; it is therefore important that the families of affected individuals receive counseling regarding the recurrence risks of deafness in sibs, children, and other close relatives.
The existence of several different causes of deafness makes it complicated to calculate the recurrence risks of the defect. In environmental cases, this risk is negligible. In a considerable proportion of cases, however, it is very difficult to find out if the defect is genetic or environmental in its origin; whenever this situation occurs, the deafness is classified as idiopathic. The vast majority of isolated cases, which unfortunately represent the most frequent situation in genetic counseling, fall into this category. Moreover, there are so many different categories of deafness that, even when environmental factors can be excluded, the calculation of risks is still complex.
were evaluated taking into account: the complete structure of the nuclear family, including the number of normal sibs of the propositus; in cases of parental consanguinity, a generic coefficient of inbreeding (F); and variable rates of environmental cases of the defect.
Numerical recurrence risk values were calculated for the offspring of nonconsanguineous couples and for nine different situations of parental consanguinity, without taking into account X-linked dominant and mitochondrial mechanisms, since their relative frequencies are negligible.
Results
The following symbols represent the variables used in our formulae:
K: penetrance value of a dominant condition; µ d , µ x , µ r : mutation rates for autosomal dominant, X-linked recessive, and autosomal recessive genes, respectively; n m , n f , n = n m + n f : numbers of normal children within a sibship by gender (males, females, and both sexes, respectively); p, q: mutually exclusive frequencies of a pair of alleles (one dominant and the other recessive) segregating at an autosomal locus; P(dom), P(rec), P(Xlin), P(env) = φ e : population frequencies of autosomal dominant, autosomal recessive, X-linked recessive, and environmental cases of a heterogeneous disorder; R dom , R rec , R Xlin , R env : recurrence risks for each of the four possible mechanisms of inheritance, when there is no heterogeneity; D, R, L, E: probabilities favoring, respectively, the four mechanisms mentioned above; r(dom), r(rec), r(Xlin), r(env): recurrence risks for each mechanism, used jointly with the probabilities favoring each mechanism to evaluate the final recurrence risk (r) of a heterogeneous disorder; F: inbreeding coefficient; c: population frequency of consanguineous marriages of a given type (e.g., between first cousins).
In the case of nonconsanguineous couples with one affected child and n m normal sons and n f normal daughters, if the affected individual is a boy, the situation can be explained by any of three possible mechanisms of inheritance: autosomal dominant, autosomal recessive, or Xlinked recessive; besides, the deafness can be caused by environmental factors as well. If the affected child is a female, the possibility of an X-linked mechanism is excluded.
Assuming that the case is due to the autosomal dominant mechanism, the probability of any normal individual being a non-penetrant heterozygote depends on the probability of one of his/her parents also being a normal heterozygote who transmitted the gene to him/her, or on the probability of a non-penetrant mutation having occurred in any one of the two normal genes received from his/her parents:
At equilibrium, P n + 1 (Aa, nl) = P n (Aa, nl) = P(Aa, nl), and
The births of the affected child and his or her n = n m + n f normal sibs may have occurred under two distinct hypotheses (1: one of the parents is a heterozygote; 2: both parents are normal homozygotes).
(1) father or mother heterozygote (2) father and mother normal homozygotes Prior probability
Conditional probability 1 affected and n = n m + n f normal children
The probability of the father or the mother being a heterozygote, given that they have had one affected and n = n m + n f normal children, will therefore be:
and the risk for another child of the couple will be:
Assuming now that the case is due to the X-linked recessive mechanism, the risk of deafness for another child of the couple depends on the probability of the mother being a heterozygote. In fact, since the affected individual is an isolated case, the gene that caused his/her affection is either the result of a new mutation or was transmitted to him/her only through his/her female ancestors, therefore behaving like a lethal gene.
Since, for lethal genes, the probability of any woman being a heterozygote depends on receiving the gene from her mother or on a mutation occurring in the X chromosome received either from her mother (probability µ) or from her father (probability ν), it follows that: P n + 1 (Aa, nl) = 1/2 P n (Aa, nl) + µ + ν;
At equilibrium, P n + 1 (Aa, nl) = P n (Aa, nl) = P(Aa, nl) and P(Aa, nl) = 2µ + 2ν;
If the mutation rate is the same for males and females (µ = ν), that value will be P(Aa, nl) = 4µ x .
The probabilities favoring the hypothesis of the mother being a heterozygote (1) or a normal homozygote (2) are calculated as before:
(1) mother heterozygote (2) mother homozygote Prior probability 4µ x 1 -4µ x ≈ 1 Conditional probability
(1 affected and n m normal male children)
The probability of the mother being a heterozygote is therefore: The risk of deafness for another child is given by:
If the defect is transmitted by the autosomal recessive mechanism, the occurrence of an affected individual is highly indicative of the parents being both heterozygotes. In fact, an isolated case can occur if: (1) both mother and father are AA homozygotes and a new mutation took place in both gametes which originated the child; (2) one parent is an AA homozygote, the other is a heterozygote, and a mutation occurred in the allele transmitted by the AA parent, while the heterozygote parent transmitted the allele a; (3) both parents are heterozygotes and both transmitted the allele a. The probabilities associated with the three situations described above are, respectively: Since the corresponding recurrence risks for another child are r(1) = µ r 2 , r(2) = µ r /2, and r(3) = 1/4, the total risk is therefore given by: Since the probability of both parents being heterozygotes is practically 1, the number of normal sibs does not significantly influence the probability of the isolated case having been inherited.
If the case is due to environmental (non-genetic) factors, the recurrence risk is considered as negligible (R env ≈ 0).
Below, we describe in detail the logic we developed for an isolated case affected by a heterogeneous disease, with normal sibs.
The population frequencies of autosomal dominant, autosomal recessive, X-linked recessive, and environmental cases (which occur with a probability of φ e ) are, neglecting terms of the order of µ 2 ≈ 0 and similar: . The expressions above can be partitioned as follows: P(mechanism) = P(mec., inher.) + P(mec., noninher.)
The partition above shows that the probabilities favoring the hypotheses of the isolated case having been inherited or not are in the ratios P(mec, inher) : P(mec, noninher), so that P(inher mec P(mec, inher P(mec, inher P(mec, noninhe ) ) ) = + r P(mec, inher P(mec ) ) ) = and P(noninher mec P(mec, noninher P(mec, inher P(mec, n ) ) ) = + oninher P(mec, noninher P(mec ) ) ) . = Therefore, the probabilities of the affection being inherited or not are, respectively, for each mechanism:
Environmental 0 1 P(inher mec) is also the probability of one of the parents (either the father or the mother in the case of an autosomal dominant mechanism; the mother in the case of 156 Risks for nonsyndromic deafness an X-linked recessive mechanism; both in the case of an autosomal recessive mechanism, and one or both in the case of environmental causes) being carriers of the genetic factor producing the deafness, given that they had an affected child.
The recurrence risks of the defect in another child are obtained for each case by multiplying P(inher|mec) by the corresponding risk (respectively K/2, 1/4, 1/4 and 0): In heterogeneous diseases or defects, the calculation of the recurrence risk takes into account the probability (P i ) of occurrence favoring each mechanism of inheritance and the risks associated to each one of them (R i ). The final risk is given by Σ P i R i . Therefore, the recurrence risk for an isolated case (one affected child with no sibs) is given by:
In case there already are n m normal brothers and n f normal sisters, the population frequency of isolated cases due, respectively, to autosomal dominant, autosomal recessive, X-linked recessive and environmental causes is given by: As before, the expressions above can be partitioned as:
P(mechanism) = P(mec, inher) + P(mec, noninher)
As previously, P(inher mec) = P (mec,inher)/P(mec) is the probability of the affected child being an inherited case, taking into account that he/she already has n m normal brothers and n f normal sisters.
So, the recurrence risks of the defect for another child are obtained in each case by multiplying P(inher|mec) by the risk associated to the corresponding mechanism (respectively K/2, 1/4, 1/4 and 0): Since the probabilities of normal sibs are different for each mechanism of inheritance, their number distorts the prior probabilities D, R, L and E favoring each one of them. Taking this observation into account, when an isolated case arises in the offspring of a couple that already has n m normal male and n f normal female children, the probabilities favoring each one of the mechanisms are: 
an expression that can be simplified into: This expression is correct, since: a) for n m = n f = 0, that is applicable if the propositus is a male and environmental causes can not be excluded, is reduced to the following in these special cases: a) male propositus, environmental causes excluded: (Braga et al., 1999; 2000) . Since these relative frequencies are not likely to vary significantly from one region to another, new values of D', R' and L' can be obtained from a generic E' rate of environmental cases, by using the formulae Table 1 shows the recurrence risks for a future sib of an isolated case, as a function of the rate of environmental cases with the defect and of the number of normal brothers (n m ) and sisters (n f ) that the affected individual already has. In this and in the following tables, a penetrance value of K = 0.8 was assumed for dominant cases.
In all tables, regular type fonts = negligible risks (lower than 5%); bold and italic = medium risks (ranging from 5 to 10%); underlined bold = high risks (larger than 10%).
Next, we estimated the recurrence risks for a consanguineous couple with a single affected child (an isolated case) and n m normal sons and n f normal daughters.
As already detailed in another paper (Braga et al., 2000) , if c is the population frequency of consanguineous marriages, among dominant, X-linked, and environmental cases of deafness, a proportion c will be born to consanguineous parents, while 1 -c will have nonconsanguineous parents, since the probability of affection by these three mechanisms is independent from parental consanguinity. For the recessive cases, however, the frequency of affected individuals, with or without consanguineous parents, will no longer be within the ratios c: 1 -c, because the probability of a recessive disease is directly influenced by consanguinity. By multiplying the prior probabilities c and 1 -c by the probabilities of affection q 2 + Fpq and q 2 , respectively (in case of a single recessive locus), in the offspring of consanguineous and nonconsanguineous parents, and normalizing the resulting joint probabilities, we obtained the final figures of c(q + pF)/(q + cpF) and (1 -c)q/(q + cpF), respectively, for the proportions of affected children in the offspring of consanguineous and nonconsanguineous parents.
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Table 1 -Recurrence risks for a future sib of an isolated case of deafness, as a function of the rate of environmental cases (E) and of the number of normal brothers (n m ) and sisters (n f ) that the affected child already has. Therefore, in the presence of parental consanguinity, the probabilities of a given case being autosomal dominant (D), autosomal recessive (R), X-linked recessive (L), or environmental (E) will be, respectively: The probabilities favoring the four possible hypotheses for the isolated case, given that parental consanguinity is present, are given by: D P P P P P R P P P P P L P P P P P sive loci). In all instances we used the formula derived before, Tables 2, 3 , 4, 5, and 6 present recurrence risks for the offspring of consanguineous couples with F values of 1/4, 1/8, 1/16, 1/32, and 1/64, respectively. Table 5 -Recurrence risks for a sib of an isolated case, with consanguineous parents and F = 1/32 (first-degree once removed cousins), in function of the rate of environmental cases (E) and of the number of normal sibs (n = n m + n f ) that the affected child already has. Table 6 -Recurrence risks for a sib of an isolated case, with consanguineous parents and F = 1/64 (second cousins), in function of the rate of environmental cases (E) and of the number of normal sibs (n = n m + n f ) that the affected child already has. 
